Lipopolysaccharide (LPS) administration to rats results in cholestasis associated with changes in the expression of several liver transporters.
Proinflammatory cytokines are known as major mediators in transcriptional regulation of liver transporter genes, including Na ϩ -taurocholate cotransporting polypeptide (Ntcp), organic anion transporting polypeptides (Oatp1a1/Oatp1, Oatp1a4/Oatp2), Mrp2, Mrp3, Bsep, Mdr1a and Mdr1b. 4, 5) Although NO inhibits nuclear factor (NF)-kB activation 6) and transcriptional activities of nuclear receptors such as retinoid X receptor (RXR) and hepatocyte nuclear factor (HNF) 4a, 7, 8) which regulate rat liver transporter transcription. 9) However, the role of NO has been demonstrated only in the regulation of organic anion transporter 2 (Oat2) transcription in liver. 10) In a previous report, we showed the possible regulation of rat liver transporter transcription by both proinflammatory cytokines and NO in vivo, the specific roles of which could not be separately determined. 11) Recently, precision-cut liver slices have shown potential in the study of biological phenomena under the control of hepatocytes and nonparenchymal cells due to the preservation of the original cellular architecture and cell interactions within the slice. 12) Here, we used precision-cut slices to investigate the role of NO and ONOO Ϫ in transcriptional regulation of basolateral influx transporters (Ntcp, Oatp1a1, Oatp1a4, Oatp1b2/Oatp4, Oat2, Oat3, organic cation transporter 1 (Oct1)), canalicular efflux transporters (Mrp2, Bsep, Mdr1a, Mdr1b, Mdr2), and basolateral efflux transporter Mrp3 (Fig.  1B) . To clarify the role of KCs in NO and ONOO Ϫ action, we also used gadolinium chloride-pretreated slices (Gdslices), in which gadolinium chloride hexahydrate (Gd) leads to a decrease of proinflammatory cytokine, O 2 Ϫ and NO production by KCs. [13] [14] [15] Preparation and Incubation of Rat Liver Slices Precision-cut liver slices were prepared and incubated according to the method described by Elferink et al. 16) Gd-slices and normal-slices from two groups of male Sprague-Dawley rats weighing between 200 and 300 g (Sankyo Laboratories, Tokyo, Japan) were obtained by intravenous (i.v.) injection of saline and Gd (10 mg/kg), 17) respectively, in the tail vein 24 h before liver isolation. Liver slices of 300-mm thickness were prepared from liver cores of 8 mm in diameter using a precision-cut slicer (linear slicer Pro7; Dosaka EM, Kyoto, Japan) and stored in ice-cold organ preservation solution (Via Span ® ) until use. Each slice was added to 3.2 ml of WME supplemented with 25 mM D-glucose, 50 mg/ml kanamycin and 200 mM glutamine (culture medium) in individual wells of six-well plates. Plates were placed in a plastic container and incubated with shaking under a continuous 95% O 2 /5% CO 2 flow at 37°C. Slices were incubated in 3.3 ml of medium with or without LPS (100 mg/ml), SpNO (0.5 mM) or SIN (2 mM) for 18 h. After incubation, liver slices were quickly frozen in liquid nitrogen and stored at Ϫ80°C, while the culture medium was stored at Ϫ30°C. Slices from the same liver were used in the corresponding control and treated groups. Experimental protocols were approved by the Showa University Animal Research Committee. by nitrate reductase in the 40-ml culture medium, NO 2 Ϫ levels were measured by Griess assay. 18) Aspartate aminotransferase (AST) activity of the culture medium (10 ml) was measured by Transaminase CII-test Wako.
MATERIALS AND METHODS

Reagents
RNA Isolation and Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Analysis Total RNA from two combined liver slices was isolated using ISOGEN and RT-PCR analysis was carried out as previously described.
11)
Real-time PCR was conducted using qPCR Mastermix Plus for SYBR green I. Primers were designed using Primer Express software (Applied Biosystems, Japan) and human bactin cDNA, used as a standard template for the ABI Prism 7000 sequence detection system (Applied Biosystems, Japan). mRNA levels were expressed as a ratio to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Statistical Analysis Statistical analysis was conducted using one-way analysis of variance (ANOVA), followed by Fisher's LSD post hoc test, with differences considered significant at pϽ0.05. Results are expressed as meanϮS.E.M.
RESULTS
Variation in Transporter mRNA Levels in Normal-
Slices during 18-h Incubation in the Absence of Stimulants mRNA levels of rat liver transporters have been reported to vary in primary cultured hepatocytes. [19] [20] [21] [22] Based on these findings, we measured mRNA levels of transporters in normal-slices 0 h and 18 h after incubation ( Fig. 2A) . Results show that compared to levels at 0 h, mRNA levels of Ntcp, Oatp1a4, Oatp1b2, Oat2, Oct1, Bsep and Mrp2 decreased, while those of Mdr1a and Mdr1b increased after an 18-h incubation period. In particular, Mdr1b mRNA levels increased to 1280-fold. Consistent with our results, the down-regulation of influx transporter [19] [20] [21] and the strong induction of Mdr1b expression 22) have been found in primary cultured hepatocytes. In addition, a 65-79% increase in TNF-a, IL-1b and iNOS mRNA levels was observed during the incubation period, with change in iNOS not considered 2) O 2 Ϫ is produced by NADPH oxidase in KCs. NO stimulates O 2 Ϫ production from mitochondria, via inhibition of the respiratory chain and reaction with ubiquinol. NO reacts with O 2 Ϫ to produce ONOO Ϫ in sinusoid and in hepatocytes.
3) (B) Ntcp, Oatp1a1, Oatp1a4, Oatp1b2, Oat2, Oat3 and Oct1 on basolateral membrane are involved in substrate influx from portal blood into hepatocytes, although Oatps and Oats are also involved in substrate influx. 34) Bsep, Mdr1a, Mdr1b and Mrp2 on canalicular membrane are involved in the efflux of substrate into bile, while Mrp3 mediates basolateral efflux into blood. Mdr2 is phospholipids transporter. 9) Arrows indicate the direction of transport. Bidirectional transporters are shown without arrows.
significant (Fig. 2B) . Inflammatory Responses and Transporter Transcription of Normal-Slices Treated with LPS KCs release proinflammatory cytokines, including TNF-a and IL-1b, in response to LPS. Successively, proinflammatory cytokines from KCs mediate the induction of iNOS expression and NO production in KCs and hepatocytes in an autocrine and a paracrine manner.
2) IL-1b is almost exclusively and TNF-a is mainly produced by KCs. 23 ) Therefore, we measured mRNA levels of TNF-a, IL-1b and iNOS in slices and NO (NO 2 Ϫ /NO 3 Ϫ ) levels in culture medium after an 18-h incubation period with or without LPS (100 mg/ml) to confirm the function of KCs in normal-slices (Table 1) . LPS increased mRNA levels of IL-1b and TNF-a, but the latter change is not significant, accompanied with NO production to 75.6 mM via induction of iNOS transcription. Concomitantly, LPS decreased mRNA levels of all basolateral influx transporters and canalicular efflux transporter Mdr2 and Mrp2 in hepatocytes (Fig. 3) . These results indicate that KCs function is retained and KCs interact with hepatocytes in normal-slices, as described by Olinga et al.
12)
Effect of SpNO and SIN on TNF-a a, IL-1b b and iNOS mRNA Levels in Gd-and Normal-Slices Proinflammatory cytokines such as TNF-a and IL-1b are known to regulate transporter mRNA expression. 4, 5) In addition, NO donors have been reported to stimulate TNF-a production in macrophages. 24) Based on these findings, we measured mRNA levels of TNF-a, IL-1b and iNOS in Gd-and normal-slices after an 18-h incubation period with or without SpNO (0.5 mM) or SIN (2 mM) (Fig. 4A) .
SpNO and SIN decreased TNF-a mRNA levels in normaland Gd-slices, respectively. iNOS mRNA levels were also decreased to 2.8% in Gd-slices with SIN, whereas IL-1b mRNA levels were not affected by SpNO and SIN. Further, no increase in AST activities was observed with SpNO or SIN (Fig. 4B) . Although previous studies mention that ONOO Ϫ is a key mediator of cytotoxicity, 25) the present results show that SIN decreased AST activities in Gd-slices. These results indicate that SpNO (0.5 mM) and SIN (2 mM) have no liver toxicity and that their effects are independent of proinflammatory cytokines.
Effect of SpNO on Transporter mRNA Levels in Gdand Normal-Slices To investigate the effect of NO and KCs on transporter transcription, Gd-and normal-slices were incubated with or without SpNO (Fig. 5) . SpNO increased mRNA levels of basolateral influx transporter Oatp1a1 and decreased those of canalicular efflux transporter of Mdr2 in Gd-slices (Fig. 5A ). In contrast, mRNA levels of basolateral influx transporter (Ntcp, Oatp1a4, Oat2, Oct1) decreased and those of canalicular efflux transporter (Bsep, Mdr2, Mrp2) increased in normal-slices with SpNO (Fig. 5B) . In both slices treated with SpNO, mRNA levels of Oatp1b2, Oat3, Mdr1a, Mdr1b and Mrp3 were not affected.
Effect of SIN on Transporter mRNA Levels in Gd-and Normal-Slices To investigate the roles of ONOO
Ϫ and KCs in the regulation of transporter transcription, Gd-and normal-slices were incubated with or without SIN (Fig. 6) . SIN in Gd-and normal-slices generally decreased mRNA levels of basolateral influx transporters and increased those of efflux transporters as well as SpNO in normal-slices. In Gd-slices treated with SIN, mRNA levels of basolateral influx transporter (Oatp1a1, Oat2, Oat3, Oct1) decreased, while those of canalicular efflux transporter (Mdr1a, Mrp2) and basolateral influx transporter Mrp3 increased, but with exceptional up-regulation of Ntcp transcription (Fig. 6A) . In normal-slices treated with SIN, mRNA levels of basolateral influx transporter (Oatp1a1, Oatp1a4, Oat2) decreased, while those of canalicular efflux transporter (Mdr1a, Mdr1b, Mrp2) and basolateral efflux transporter Mrp3 increased, but with exceptional down-regulation of canalicular efflux transporter (Bsep, Mdr2) transcription (Fig. 6B) . In both slices treated with SIN, no effect on Oatp1b2 mRNA levels was observed.
DISCUSSION
In the present study, the effects of SpNO (NO donor) and SIN (ONOO Ϫ donor) on mRNA levels of 13 transporters in rat liver slices are detailed ( Table 2 ). The results show that transporter transcription pattern varies among Gd-and normal-slices treated with SpNO and SIN. The down-regulation of influx and the up-regulation of efflux transporters appear to represent a general pattern in normal-slices with SpNO or SIN and Gd-slices with SIN. SpNO and SIN in normal-slices commonly decreased Oat2 and increased Mrp2 transcription, but differentially regulated Bsep and Mdr2 transcription, the up-regulation by SpNO and the down-regulation by SIN. These data suggest that NO and ONOO Ϫ may play an important role in the regulation of transporter transcription in hepatocytes communicated with KCs.
The 18-h incubation of normal-slices strongly increased basal (intrinsic) mRNA levels of Mdr1b, moderately increased those of Mdr1a and had no effects on those of Mdr2 (Fig. 2) . These different changes of Mdr isoforms are consistent with the results in primary cultured rat hepatocytes.
26)
The super-induction of basal Mdr1b mRNA levels was also observed in primary cultured rat hepatocytes, 22) but to a lesser extent (50-100-fold induction) than that in normalslices (1280-fold), suggesting the enhancement by KCs. Mdr1b transcription is up-regulated by NF-kB activated by reactive oxygen species (ROS) or TNF-a. 26, 27) Similar to Mdr1b, TNF-a and iNOS are NF-kB-dependent genes. 28, 29) Only 79% increase in TNF-a and iNOS mRNA levels after incubation of normal-slices for 18 h suggests mechanism other than NF-kB activation to explain the strong induction of Mdr1b transcription. As previously suggested for the super-induction in cultured hepatocytes, the super-induction of Mdr1b may be a consequence of reduced antioxidant capacity during incubation. 26) Transporter mRNA levels varied with the induction of cytokines and iNOS in normal-slices in response to LPS (Table  1, Fig. 3 ). LPS-induced cholestasis in rats constantly results in the down-regulation of Ntcp, Oatps and Mrp2, and the upregulation of Mdr1b. 1, 4, 11) Inconsistently with these in vivo results, Mdr1b mRNA levels were shown not to change in normal-slices treated with LPS, suggesting a possibility that LPS effects on Mdr1b may be masked by the super-induction of Mdr1b transcription during the incubation. These findings indicate that precision-cut slices, in which KCs function is well preserved, are convenient but limited in vitro tools for the evaluation of transporter transcription, such as Mdr1b.
Transporter, TNF-a and iNOS transcription pattern varied among Gd-and normal-slices treated with SpNO (Figs. 4, 5) . NO stimulates O 2 Ϫ production in mitochondria, via inhibition of the respiratory chain and reaction with ubiquinol, and also accumulates O 2 Ϫ due to the inhibition of mitochondrial superoxide dismutase.
3) 3-Nitrotyrosine, a biomarker of ONOO Ϫ formation, is detected in hepatocytes treated with S-nitroso-N-acetylpenicillamine, an NO donor, as well as SIN, indicating the intracellular ONOO Ϫ formation from exogenous NO. 25 ) Therefore, we speculate that NO and ONOO Ϫ , a reaction product of NO from SpNO with cellular O 2 Ϫ , may affect hepatocytes in Gd-slices treated with SpNO. As ROS levels in KCs is higher than those in sinusoidal endothelial cells even in basal conditions, 30) an intercellular oxidant balance between pro-oxidant KCs and anti-oxidant endothelial cells is suggested in the hepatic micro-environment. 31 ) Therefore, KCs may enhance both extracellular and intracellular ONOO Ϫ formation in normal-slices treated with SpNO. The decrease of TNF-a and iNOS mRNA levels was observed in normal-slices with SpNO or SIN and Gd-slices with SIN, but not in Gd-slices with SpNO (Fig. 4) . TNF-a and iNOS are NF-kB target genes. 28, 29) NO and ONOO Ϫ have been reported to inhibit NF-kB activation. 6, 32) Our results suggest that ONOO Ϫ play a prominent role in the inhibition of NF-kB activation, and intracellular ONOO Ϫ levels obtained in Gd-slices with SpNO may be not enough to inhibit NF-kB activation.
Transporter transcription patterns varied among Gd-and normal-slices treated with SpNO or SIN ( Table 2 ). SpNO and SIN had no effect on Oatp1b2 transcription, which is in agreement with a study showing iNOS-independent regulation. 33) Similarly to the decrease of TNF-a and iNOS transcription as mentioned above, the transporter transcription pattern in Gd-slices with SpNO, the up-regulation of influx transporter Oatp1a1 and the down-regulation of efflux transporter Mdr2, was completely different from those in normalslices with SpNO or SIN and Gd-slices with SIN. The pattern observed in the latter three cases was generally the down-regulation of influx and the up-regulation of efflux transporters, which are considered to be one compensatory mechanism to protect liver from the accumulation of endogenous and exogenous compounds. The exceptions were Ntcp in Gd-slices with SIN and Bsep and Mdr2 in normal-slices with SIN. The up-regulation of Oatp1a1 and Ntcp were observed in Gd-slices with SpNO and SIN, respectively, but not in normal-slices, suggesting a possible role of KCs in their transcriptional regulation. The transcription of Bsep and Mdr2, which are involved in bile formation as bile acids and phospholipids transporter, respectively, 9) was oppositely regulated by SpNO and SIN, the up-regulation and the downregulation, respectively, in normal-slices, suggesting a cytoprotective effect of NO. The up-regulation of basolateral efflux transporter Mrp3 was specific response to SIN. Consistent with a role of Mrp3 in the efflux of bile acids into blood in a compensatory mechanism, 34) the up-regulated Mrp3 was accompanied with the down-regulation of efflux transporter Bsep in normal-slices and the up-regulation of influx transporter Ntcp in Gd-slices, both are bile acids transporter.
The up-regulation of Mrp2, as well as the down-regulation of Oat2, was commonly observed in normal-slices with SpNO or SIN and Gd-slices with SIN, suggesting a role of ONOO Ϫ (Table 2 ). Proinflammatory cytokines have been reported to down-regulate Mrp2 transcription, 5, 35) which may be suggested to be due to decreased nuclear protein levels of the nuclear receptor family. 9) Recent studies reported up-regulation of nuclear factor-E2-related factor (Nrf) 2 target genes by ONOO Ϫ , 36) induction of Mrp2 by Nrf2 chemical activators 37) and binding of Nrf2 to the Mrp2 promoter region. 38) Taken together, our results indicate that ONOO Ϫ can regulate Mrp2 transcription at least partly through the activation of Nrf2 binding. Despite ONOO Ϫ formation in both liver and kidney, 39, 40) LPS decreases Mrp2 mRNA levels in the liver 1, 11) and liver slices (Fig. 3) , but increases Mrp2
